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sequence	data	 from	 two	exon-	primed	 intron-	crossing	 (EPIC)	 nuclear	 loci	 and	mito-
chondrial	cytochrome	oxidase	subunit	I,	to	investigate	the	evolutionary	history	of	five	
medically	important	and	inherently	forest	dependent	mosquito	species	of	the	genus	
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1  | INTRODUCTION
Understanding	the	evolutionary	processes	contributing	to	the	gener-
ation	 and	maintenance	 of	 biodiversity	within	Africa’s	 forests	 is	 par-





























at	 this	 time	may	 have	 isolated	 forest-	dependent	 species	 in	 refugial	
areas	where	they	were	subject	to	allopatric	divergence.	When	the	for-
ests	expanded	once	more	with	the	onset	of	warm	interglacial	climate	
cycles,	 providing	 opportunities	 for	 range	 expansions	 and	 secondary	
contact	 were	 created.	 This	 process	 of	 population	 contraction	 and	
expansion,	known	as	the	refuge	hypothesis	(Haffer,	1969),	has	been	
used	 to	explain	why	African	 forest	 taxa	often	have	disjunct	 species	
distributions	separated	by	unsuitable	habitat	(Bowie	et	al.,	2006).
Phylogeographic	 studies	 have	 revealed	 the	 importance	 of	 his-
torical	climate	change	for	the	diversification	of	Africa’s	forest	flora	
and	fauna	(Hewitt,	2004a,b).	Evidence	suggests	that	forest	regions	
have	been	separated	 for	 sufficient	 time	periods	 for	diversification	
to	 take	place,	 including	divergence	events	 in	 forest	 taxa	dating	 to	
the	 Plio-	Pleistocene	 5	 million	 to	 12,000	years	 ago	 (Bowie	 et	al.,	
2006;	Hassanin	et	al.,	2015;	Huhndorf,	Kerbis	Peterhans,	&	Loew,	
2007;	Mark	&	Osmaston,	2008;	McDonald	&	Daniels,	2012;	Measey	
&	 Tolley,	 2011;	 Plana,	 Gascoigne,	 Forrest,	 Harris,	 &	 Pennington,	
2004;	Quérouil,	Verheyen,	Dillen,	&	Colyn,	 2003;	Tosi,	 2008)	 and	
population	 structure	 associated	 with	 hypothesized	 refugial	 zones	
in	Gabon,	Cameroon,	and	the	Lower	and	Upper	Guinea	regions	of	
the	 Guineo-	Congolian	 rainforest	 (Anthony	 et	al.,	 2007;	 Clifford	
et	al.,	2004;	Daïnou	et	al.,	2010;	Duminil	et	al.,	2010;	Koffi,	Hardy,	
Doumenge,	 Cruaud,	 &	Heuertz,	 2011;	 Lowe,	Harris,	 Dormontt,	 &	
Dawson,	2010;	Plana	et	al.,	2004).	Complementary	 to	 this,	 signals	
of	 population	 expansion	 (Anthony	 et	al.,	 2007;	 Bowie,	 Fjeldså,	
Hackett,	&	Crowe,	2004;	Bowie	et	al.,	2006;	Jensen-	Seaman	&	Kidd,	
2001;	 Kebede,	 Ehrich,	Taberlet,	Nemomissa,	&	Brochmann,	 2007;	
Nicolas	 et	al.,	 2008)	 and	 evidence	 for	 secondary	 contact	 suggest	
forests	were	also	at	times	much	more	expansive	including	connec-
tions	between	forests	in	East	and	West	Africa,	which	are	currently	
separated	 by	 dry	 savannah	 habitat	 (Bowie	 et	al.,	 2004;	 Couvreur,	




vides	 a	 promising	 system	 in	which	 to	 study	 the	 effects	 of	 climate-	
related	historical	habitat	change.	This	includes	members	of	the	genus	
Aedes	 (Wilkerson	 &	 Linton,	 2015;	 Wilkerson	 et	al.,	 2015)	 which	
comprise	 a	 number	 of	 medically	 important	 species.	 Understanding	
the	 diversity	 of	 this	 genus	 is	 important	 to	 elucidate	 disease	 trans-
mission.	One	 such	 species	 is	Aedes aegypti	 (Linnaeus,	 1762),	which	
is	a	primary	vector	 for	several	arthropod-	borne	viruses	 (arboviruses)	
including	dengue	 (DENV),	yellow	 fever	 (YFV),	 chikungunya	 (CHIKV),	








of	 the	demographic	history	of	Ae. aegypti	within	Africa	 from	nuclear	
sequence	data	revealed	that	this	could	have	been	influenced	by	past	
climatic	 change	 with	 historical	 divergence	 and	 admixture	 dated	 to	





In	 addition	 to	 the	medically	 important	Ae. aegypti,	 three	 of	 the	
four	other	species	investigated	here	are	also	arboviral	vectors:	Ae. bro-
meliae	(Theobald	1911)	(YFV),	Ae. africanus	(Theobald	1901)	(Babanki	
(BBKV),	Bouboui	 (BOUV),	CHIK,	Rift	Valley	Fever	 (RVFV),	YFV,	 and	
ZIKAV),	 and	 Aedes hansfordi	 (Huang,	 1977)	 (RVFV)	 (Smithburn,	
Haddow,	 &	 Gillett,	 1948;	 see	 review	 in	 Wilkerson	 et	al.,	 2015).	
Sylvatic	disease	transmission	cycles	maintained	by	these	Aedes	spe-
cies	 can	 seed	disease	 epidemics	 and	 transfer	 novel	viral	 genotypes	
into	 the	 human	 disease	 transmission	 cycle	 (Demanou	 et	al.,	 2010;	
Diallo	 et	al.,	 2005,	 2014;	 Ellis	 &	 Barrett,	 2008;	 Mutebi	 &	 Barrett,	
2002;	Ngoagouni	et	al.,	2012;	Pastorino	et	al.,	2004;	Vasilakis	et	al.,	
2011;	Wamala	 et	al.,	 2012).	Also	 included	 in	 our	 study	 is	Aedes lilii 
(Theobald,	 1910),	 which	 although	 not	 currently	 known	 to	 transmit	
disease	to	humans,	is	the	sister	taxa	of	Ae. bromeliae	(Aedes simpsoni 













clear	 loci	 and	mitochondrial	COI	 because	 these	 different	 classes	 of	














2.1 | Mosquito collection and identification
Mosquito	 larvae	 were	 collected	 from	 artificial	 and	 natural	 breed-
ing	 sites	 including	 treeholes	 and	 plant	 axils	 of	 banana	 (Musa	 spp.),	
Colocasia	 spp.,	 and	Dracaena	 spp.	 from	Uganda	 (n	=	153),	 Tanzania	
(n	=	64),	and	 the	Republic	of	Benin	 (n	=	67)	 (Figure	1	and	Table	S1).	
When	possible,	larvae	from	each	discrete	habitat	were	reared	to	adult-
hood	as	a	separate	collection	because	these	sites	are	likely	to	include	






congruence	 using	 phylogenetic	 tree	 construction	 and	 Bayesian	 im-
plementation	of	the	general	mixed	Yule-	coalescent	(Reid	&	Carstens,	
2012).	As	Ae. bromeliae	and	Ae. lilii	cannot	be	reliably	identified	based	
on	 morphology	 (Jupp	 &	 Kemp,	 1999;	 Lutwama	 &	 Godfrey,	 1994),	
mosquitoes	of	the	Simpsoni	Complex	were	distinguished	using	a	PCR-	
identification	method	based	on	variation	at	 the	 internal	 transcribed	
spacer	region	(Bennett	et	al.,	2015).
2.2 | Experimental procedures
DNA	 was	 extracted	 from	 larvae	 or	 the	 legs	 of	 the	 adult	 using	
a	 phenol–chloroform	 extraction	 method	 detailed	 in	 Surendran	
et	al.	 (2013).	 Mosquito	 DNA	 was	 sequenced	 at	 two	 nu-
clear	 loci	 using	 the	 exon-	primed	 intron-	crossing	 (EPIC)	 mark-
ers	 IDH2	 (with	 primers	 5′-	CAGCAGTGCGTTCTTTTTCC-	′3	 and	
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and	a	final	elongation	step	at	72°C	for	10	min.	Folmer,	Black,	Hoeh,	
Lutz,	 and	 Vrijenhoek’s	 (1994)	 universal	 primers	 LCO1490	 (5′-	GGT
CAACAAATCATAAAGATATTGG-	′3)	 and	 HCO2198	 (5′-	TAAACTT
CAGGGTGACCAAAAAATCA-	′3)	were	used	 to	 amplify	 a	 portion	of	
the	mitochondrial	 gene	COI	 as	 detailed	 by	 the	 Consortium	 for	 the	

















UK)	 according	 to	 kit	 instructions.	 Product	 inserts	 were	 amplified	




The	mitochondrial	 sequences	 of	Ae. aegypti	 included	 in	 the	Africa-	
wide	analyses	were	those	analyzed	in	Bennett	et	al.	(2016)	while	se-
quences	 included	 in	regional	analyses	are	detailed	 in	Table	S1.	The	
sequences	 of	 nuclear	 genes	 of	 Ae. aegypti	 were	 those	 generated	
previously	 (GenBank	 references	 KX444686–KX446391	 in	 Bennett	
et	al.,	2016).	Mitochondrial	sequences	for	members	of	the	Simpsoni	
Complex	 generated	 during	 this	 study	 were	 analyzed	 together	
with	 those	 previously	 reported	 in	 Bennett	 et	al.,	 2015	 (GenBank	
KT998389–429).	For	all	 sequence	data,	 compound	 indels	affecting	
less	than	5%	of	the	sequence	alignment	were	removed	to	eliminate	
areas	with	uncertain	sequence	homology	in	Geneious	v5.4.7	(Kearse	
et	al.,	 2012).	 A	 COI	 sequence	 of	 one	 individual	 of	 the	 Simpsoni	
Complex	 was	 removed	 from	 analysis	 because	 double	 peaks	 were	
present	in	its	ABI	trace	files	which	signifies	coamplification	of	nuclear	
mitochondrial	 DNA	 (NUMT’s)	 (Bensasson,	 Zhang,	 Hartl,	 &	 Hewitt,	
2001;	Hlaing	et	al.,	2009).	To	check	for	 indications	of	NUMT’s,	the	









Tests	 to	 detect	 recombination	 included	 the	 pairwise	 homoplasy	
test	 (φ)	 and	 Neighbour	 Similarity	 Score	 implemented	 in	 PhiPack	
(Bruen,	 Philippe,	 &	 Bryant,	 2006)	 and	 Max	 chi-	square,	 Chimaera,	




(Kumar	 et	al.	 2016)	 using	 the	 best	 available	 substitution	models	 as	
chosen	by	jModelTest	(Figures	S1,	S2,	S3	(Posada,	2008).
2.6 | Analyses of diversity and population structure
DNAsp	v5	(Librado	&	Rozas,	2009)	was	used	to	generate	nucleotide	
diversity	per	site	(π),	Watterson’s	theta	(θw),	and	the	number	of	segre-
gating	 sites	 (S).	 Statistics	 to	detect	demographic	expansion,	Tajima’s	
D	 and	 Fu’s	 Fs,	 and	 genetic	 differentiation,	 FST,	 were	 generated	 in	
Arlequin	v3.5	 (Excoffier	&	Lischer,	2010).	A	Mantel	 test	 for	 correla-
tion	 between	 genetic	 and	 geographical	 distance	 was	 used	 to	 test	
for	 isolation	by	distance	 (IBD)	 in	R	v3.1.3	 (R	Core	Team	2015)	using	
the	packages	Adegenet	(Jombart,	2008)	and	APE	(Paradis,	Claude,	&	
Strimmer,	2004).	Effective	population	sizes	were	calculated	from	the	










Median-	joining	 networks	 were	 constructed	 for	 sequence	 datasets	
in	NETWORK	v4.6.1.3	 (Fluxus	Technology	Ltd.).	Reticulation	within	
networks	was	 resolved	using	 the	 recommendations	 in	Crandall	 and	
Templeton	 (1993).	 Haplotypes	 with	 missing	 data	 were	 removed	
for	 construction	 of	 mitochondrial	 COI	 networks	 for	 Ae. lilii	 (n	=	1),	
Ae. africanus	 (n	=	1),	 and	Ae. hansfordi	 (n	=	1)	because	 their	 inclusion	
increased	 network	 complexity	 (Joly,	 Stevens,	&	 van	Vuuren,	 2007).	




2.8 | Bayesian GMRF Skyride analysis
Datasets	were	tested	for	population	size	expansion	using	the	GMRF	
(Gaussian	Markov	 random	 field)	 skyride	 model	 (Minin,	 Bloomquist,	
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&	 Suchard,	 2008)	 in	 BEAST	 v1.8.1	 (Drummond,	 Suchard,	 Xie,	 &	
Rambaut,	2012).	This	model	is	an	extension	of	the	standard	Bayesian	
skyline	function	that	estimates	effective	population	size	for	a	series	
of	 intervals	based	on	 the	number	of	coalescent	events	while	 incor-
porating	 a	 smoothing	 function	 to	 penalize	 population	 size	 changes.	
In	 addition,	 a	 user	 defined	 prior	 on	 the	 number	 of	 population	 size	
changes	 is	 not	 required.	 To	 avoid	 violating	 the	 assumption	 of	 pan-
mixia	 assumed	 by	 GMRF	 skyride,	 individuals	 from	 divergent	 COI 
clades	within	Ae. bromeliae,	Ae. lilii,	Ae. africanus,	and	Ae. aegypti were 
used	in	separate	analyses.	GMRF	skyride	plots	were	generated	with	
1,000,000,000	Markov	 chains	 sampled	 every	 100,000	 generations.	
Each	 sequence	 set	was	 tested	 for	 conformity	 to	 a	molecular	 clock	
model	in	MEGA6	using	a	Likelihood	Ratio	Test	(Tamura	et	al.,	2013),	







2008;	 Irvin	 et	al.,	 2004;	 Sowilem	 et	al.,	 2013).	 For	 mitochondrial	
COI,	a	 lower	prior	of	1.15	×	10−8	(Brower,	1994)	and	an	upper	prior	
of	 1.27	×	10−8	 substitutions	 per	 site	 per	 generation	 (Papadopoulou,	
Anastasiou,	&	Vogler,	 2010)	were	used.	Outputs	were	 visualized	 in	



















siders	 that	 after	 allopatric	 divergence,	 populations	 were	 subject	 to	
admixture	during	the	last	of	these	interglacial	periods	(T1)	(Castañeda	
et	al.,	 2009).	 Since	 interglacials	 occurred	 periodically,	 mosquitoes	
could	have	undergone	multiple	admixture	events	throughout	the	late	
Pleistocene.	Related	divergence	could	have	 led	 to	 the	speciation	of	
sister	taxa	Ae. lilii	and	Ae. bromeliae,	relatively	recently	as	indicated	by	
incomplete	 lineage	sorting	 in	 the	phylogenetic	 trees	 (Figures	S1,	S2	
and	S3).	However,	because	admixture	is	likely	to	complicate	the	infer-






(Ta2)	 (Bennett	 et	al.,	 2016).	 Therefore,	 we	 include	 scenario	 2	 to	
consider	deep	allopatric	divergence	 into	 two	 forest	 refugia	during	
this	 time.	As	 in	 scenario	 1,	 scenario	 2	 additionally	models	 admix-
ture	 during	 the	 last	 interglacial	 period.	 Scenarios	 3	 and	 4	 were	




&	Adams,	 2001)	 and	 in	 the	 East	African	 Rift	mountains	 of	 Kenya	
and	 Eastern	 Arc	 mountains	 of	 Kenya	 and	 Tanzania	 (Diamond	 &	
Hamilton,	1980;	Fjeldså,	Johansson,	Lokugalappatti,	&	Bowie,	2007;	







groups.	These	 four	models	were	 tested	 against	 alternative	 demo-
graphic	 scenarios	 hypothesized	 for	 mosquito	 populations	 which	














represent	Central	Africa,	 and	 the	Republic	 of	Benin	 as	West	Africa.	
Maximum	 effective	 population	 sizes	 of	 African	 demes	 were	 set	 to	
cover	 a	 wide	 range	 (10,000–14,000,000	 individuals)	 encompassing	
values	based	on	estimates	of	Ɵ	calculated	in	DNAsp	v5	and	LAMARC	
as	 described	 above.	 For	 both	Ae. bromeliae	 and	Ae. lilii	 datasets,	 the	
simulation	program	DIYABC	v2.0.4	(Cornuet,	Ravigne,	&	Estoup,	2010)	
was	used	to	analyze	both	nuclear	 loci	 together	 in	 the	same	analysis	
and	 to	analyze	mitochondrial	COI	 sequences	separately.	 In	addition,	
the	sequence	data	of	each	nuclear	loci	were	also	analyzed	separately	
to	 test	 for	 concordance	with	 the	 result	of	 the	 joint	ABC	analysis	of	
both	nuclear	 loci.	ABC	analysis	was	not	performed	for	Ae. aegypti in 
TABLE  1 Table	of	summary	statistics	for	each	species	and	genetic	loci	including	number	of	sequences	(No.	seqs),	number	of	haplotypes	(No.	
haps),	number	of	segregating	sites	(S),	Watterson’s	theta	(Ɵw),	and	nucleotide	diversity	(π)
Species Gene Region No. seqs No.haps S Ɵw π Tajima’s D P value Fu’s Fs P value
Aedes bromeliae IDH2 Africa 82 47 45 0.0253 0.0143 −1.40 0.06 −25.48 0.00
Tanzania 52 31 26 0.0174 0.0139 −0.44 0.36 −19.97 0.00
Uganda 30 18 33 0.0233 0.0135 −1.53 0.03 −7.02 0.00
RpL30b Africa 90 38 37 0.0290 0.0080 −2.02 0.00 −26.07 0.00
Tanzania 60 26 28 0.0236 0.0075 −1.87 0.01 −14.56 0.00
Uganda 30 22 23 0.0220 0.0130 −1.66 0.02 −6.43 0.01
COI Africa 53 15 18 0.0085 0.0123 1.39 0.93 −0.43 0.50
Tanzania 33 8 7 0.0037 0.0000 0.68 0.78 −0.90 0.34
 Uganda 20 7 11 0.0066 0.0048 −1.00 0.16 −0.88 0.33
Aedes lilii IDH2 Africa 86 30 27 0.0170 0.0080 −1.63 0.03 −16.50 0.00
Benin 44 17 18 0.0116 0.0087 −0.81 0.25 −6.59 0.00
Uganda 42 13 19 0.0124 0.0071 −1.40 0.06 −3.90 0.04
RpL30b Africa 86 36 37 0.0290 0.0083 −2.26 0.00 −26.98 0.00
Benin 42 18 20 0.0181 0.0063 −2.09 0.00 −14.75 0.00
Uganda 44 27 29 0.0265 0.0109 −1.99 0.00 −20.17 0.00
COI Africa 53 8 19 0.0094 0.0104 0.42 0.72 3.74 0.91
Benin 24 5 16 0.0096 0.0142 1.82 0.97 6.60 0.99
 Uganda 29 5 17 0.0093 0.0044 −1.83 0.02 1.32 0.78
Aedes africanus IDH2 Uganda 60 28 40 0.0212 0.0133 −1.06 0.14 −9.06 0.01
RpL30b Uganda 76 37 28 0.0227 0.0122 −1.19 0.12 −25.96 0.00
COI Uganda 49 6 21 0.0157 0.0244 1.81 0.98 9.37 0.99
Aedes hansfordi IDH2 Uganda 26 25 42 0.0225 0.0123 −1.67 0.03 −21.93 0.00
RpL30b Uganda 28 22 23 0.0217 0.0131 −1.43 0.07 −18.00 0.00
COI Uganda 19 6 6 0.0027 0.0015 −1.41 0.07 −2.44 0.02
Aedes aegypti IDH2 Africa 270 51 49 0.0190 0.0073 −1.71 0.01 −25.80 0.00
Benin 70 20 23 0.0109 0.0075 −0.90 0.21 −5.94 0.02
Tanzania 66 19 25 0.0124 0.0082 −1.01 0.16 −4.32 0.07
Uganda 56 25 32 0.0157 0.0076 −1.77 0.02 −12.94 0.00
RpL30b Africa 330 74 67 0.0448 0.0104 −2.13 0.00 −26.00 0.00
Benin 86 25 25 0.0187 0.0089 −1.41 0.07 −8.33 0.01
Tanzania 60 24 35 0.0278 0.0099 −2.00 0.01 −12.21 0.00
Uganda 82 45 37 0.0298 0.0120 −1.73 0.01 −26.46 0.00
COI Africa 169 29 22 0.0140 0.0066 −0.75 0.28 −6.62 0.05
Benin 26 6 6 0.0035 0.0035 −0.52 0.32 1.78 0.84
Tanzania 22 14 28 0.0156 0.0114 −1.25 0.11 −3.01 0.09
 Uganda 39 14 13 0.0102 0.0068 −0.54 0.35 −1.82 0.24
Significant	values	of	Tajima’s	D	and	Fu’s	Fs	that	deviate	from	the	null	hypothesis	of	neutral	mutation	(p	<	.05)	are	shown	in	bold.
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this	study,	since	the	above	demographic	scenarios	have	been	tested	
for	the	same	molecular	loci	previously	(Bennett	et	al.,	2016).	In	addi-
tion,	this	analysis	was	not	applied	to	the	Ae. africanus	and	Ae. hansfordi 

















assessed	with	different	 statistics	 to	 those	used	 for	model	 inference	
as	 recommended	 by	Cornuet	 et	al.	 (2010).	These	 statistics	 included	







No	 recombination	was	 detected	 for	 the	 nuclear	 sequence	 datasets	
with	the	tests	implemented	in	RDP4.	However,	significant	homoplasy	
compatibility	scores	(φ)	were	detected	at	nuclear	IDH2	for	Ae. brome-
liae	 (p = .001),	 Ae. hansfordi	 (p = .02),	 and	 Ae. africanus	 (p = .03)	 and	
at	 nuclear	 Rp30Lb	 for	 Ae. africanus	 (p = .01).	 These	 datasets	 were	
trimmed	by	approximately	20–50	bp	 to	 remove	 signals	of	 recombi-
nation	 for	 phylogenetic	 analyses,	 giving	 a	 reduced	 sequence	 length	
of	357	bp	at	IDH2	for	Ae. bromeliae	with	a	nonsignificant	homoplasy	
score	 (p = .28),	 501	bp	 at	 IDH2	 for	Ae. hansfordi	 (p = .37),	 426	bp	 at	
IDH2	for	Ae. africanus	(p = .21),	and	252	bp	at	Rp30Lb	for	Ae. africanus 
(p = .26).














Significant	 negative	 Tajima’s	 D	 values	 were	 at	 RpL30b	 for	 all	 the	









also	 seen	 at	 the	 mitochondrial	 locus	 in	 Ugandan	 Ae. hansfordi	 and	
Africa-	wide	Ae. aegypti	(Table	1).
On	 pairwise	 comparison	 of	 all	 regional	 populations	 for	 all	 loci	
within	species,	there	was	significant	genetic	differentiation	between	
populations	 of	 Ae. bromeliae	 from	 Tanzania	 and	 Uganda	 at	 nuclear	
loci IDH2	 (FST	=	0.074,	p = .00)	and	Rp30Lb	 (FST	=	0.039,	p = .03)	and	
mitochondrial	COI	 (FST	=	0.778,	 p = .00),	 somewhat	 higher	 than	 the	
values	reported	for	Ae. aegypti	previously	(IDH2,	FST = 0.021; Rp30Lb,	





Ae. aegypti,	 in	 addition	 to	 structure	between	East	 and	West	African	
Ae. aegypti	 at	 nuclear	 IDH2	 (FST	=	0.015),	 Rp30Lb	 (FST	=	0.036),	 and	
mitochondrial	COI	(FST	=	0.252)	(Bennett	et	al.,	2016).
Significant	 isolation	 by	 distance	 (IBD)	 was	 detected	 at	 the	 COI 
locus	(r	=	.19,	p = .01)	and	nuclear	 IDH2	 (r	=	.09,	p = .01)	and	Rp30Lb 
(r	=	.11,	p = .01)	for	Ae. bromeliae.	In	addition,	significant	IBD	was	de-




The	 median-	joining	 network	 for	 mitochondrial	 COI	 from	 Ae. bro-
meliae	revealed	a	strong	geographic	structure	with	two	major	hap-
logroups	 representing	 Uganda,	 Central	 Africa,	 and	 Tanzania,	 East	
Africa	 (Figure	3)	 separated	 by	 10	 or	 11	 mutational	 steps	 (uncer-
tainty	 in	number	of	steps	being	due	to	the	placement	of	a	median	
vector	before	 the	Ugandan	haplotype	cluster).	The	 sole	exception	
to	 this	was	 one	Ugandan	 haplotype	 from	 one	 individual	 that	was	
only	two	to	three	mutational	steps	away	from	the	Tanzanian	clus-
ter.	 In	 contrast,	 the	 sequence	data	 for	 the	nuclear	 loci,	 IDH2,	 and	
Rp30Lb	 formed	 a	 single	 star-	like	 cluster	 of	 haplotypes	 in	Ae. bro-
meliae	(Figure	3).	In	this	network,	there	was	support	for	some	local	
geographical	 structuring	 because	 haplogroups	 specific	 to	 Uganda	
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or	 Tanzania	 radiated	 from	more	 common	 haplotypes,	which	were	
shared	 between	 geographic	 regions.	 The	 haplotype	 network	 for	
Ae. lilii	and	mitochondrial	COI	also	revealed	two	major	haplogroups,	






divergent	 haplogroups	 in	 Ae. africanus,	 separated	 by	 33	 mutational	
steps	or	5.8%	sequence	divergence	 (Figure	5).	These	clades	broadly	





genetic	 diversity	within	 the	haplotype	networks	of	 nuclear	 IDH2 or 
Rp30Lb	(Figure	5).
Aedes hansfordi,	represented	here	only	by	populations	from	Uganda,	









Species Population Overall θ 95% CI Ne (μ = 1.6E- 09) Ne (μ = 5.8E- 09)
Aedes hansfordi Uganda 0.055 0.041–0.073 8625000 2379311
Aedes africanus Uganda 0.055 0.041–0.146 8609375 2375000
Aedes bromeliae Tanzania 0.053 0.038–0.072 8210938 2265087
Uganda 0.050 0.033–0.081 7890625 2171225
Africa 0.094 0.074–0.120 14726563 4062500
Aedes lilii Benin 0.023 0.015–0.035 3625000 1000000
Uganda 0.043 0.028–0.069 6765625 1866379
Africa 0.055 0.040–0.071 8601563 2372845
Aedes aegypti Benin 0.024 0.018–0.034 3796875 1047414
Uganda 0.055 0.038–0.081 8523438 2066811
Tanzania 0.052 0.045–0.068 4664063 1286638
Africa 0.083 0.070–0.090 12898438 3558190
F IGURE  3 Haplotypes	networks	for	Aedes bromeliae	nuclear	genes	(a)	IDH2,	(b)	Rp30Lb,	and	mitochondrial	(c)	COI








Approximate	 Bayesian	 computation	 (ABC)	 analysis	 of	 nuclear	 se-
quence	data,	that	is,	IDH2	and	RpL30b	together,	revealed	that	scenario	
3	was	the	most	probable	for	Ae. bromeliae	and	Ae. lilii	on	comparison	
of	 the	 posterior	 probabilities	 of	 hypothesized	models	 (Table	3).	This	
F IGURE  4 Haplotypes	networks	for	Aedes lilii	nuclear	genes	(a)	IDH2,	(b)	Rp30Lb	and	mitochondrial,	(c)	COI
F IGURE  5 Haplotypes	networks	for	Aedes africanus	nuclear	genes	(a)	IDH2,	(b)	Rp30Lb,	and	mitochondrial	(c)	COI
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chosen	 scenario	models	 late	Pleistocene	divergence	 into	 five	popu-






differs	 in	 that	 it	 simulates	 allopatric	 divergence	 into	 two	 ancestral	
populations	rather	than	five	populations.	On	analysis	of	mitochondrial	





include	 late	 Pleistocene	 divergence	 and	 early	 Holocene	 admixture	
events.	Alternatively,	the	true	population	history	is	more	complex	than	
tested,	which	could	be	resolved	with	analysis	of	more	molecular	loci	

















Tajima’s	D	 values	 support	 population	 expansion,	 divergent	 mtDNA	
haplogroups	were	not	detected	as	in	the	other	species.	However,	the	






for	 Ae. africanus	 collectively	 present	 evidence	 for	 historical	 allopat-
ric	divergence.	Within	Ae. bromeliae	 and	Ae. lilii,	ABC	analysis	of	 the	
nuclear	 loci	 for	both	 species	and	of	 the	mitochondrial	COI	 gene	 for	
Ae. lilii	was	 found	 to	 fit	 the	 same	demographic	model	as	 that	previ-
ously	identified	for	African	Ae. aegypti	(Bennett	et	al.,	2016).	The	most	







out	 the	 late	Pleistocene	 and	Holocene.	The	mtDNA	haplotype	 net-
works	 of	Ae. africanus,	Ae. lilii,	 and	Ae. bromeliae	 show	 a	 particularly	
clear	signal	of	historical	divergence	in	allopatry	with	at	least	two	highly	






F IGURE  6 Haplotypes	networks	for	Aedes hansfordi	nuclear	genes	(a)	IDH2,	(b)	Rp30Lb,	and	mitochondrial	(c)	COI
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than	nuclear	DNA	after	population	 isolation	and	secondary	contact,	







this	could	be	due	to	 the	greater	 time	required	for	 lineage	sorting	 in	
nuclear	 loci.	The	presence	of	cryptic	species	within	Ae. africanus will 
be	explored	elsewhere	using	additional	loci.
The	 large	extent	of	 forests	during	 the	early	Holocene	could	have	















that	 population	 structure	 can	 impact	 on	 Bayesian	 skyline	 methods	
(Heller,	Chikhi,	&	Siegismund,	2013),	biasing	and	confounding	factors	
have	not	been	fully	assessed	(Gattepaille,	Jakobsson,	&	Blum,	2013).














and	 the	 Eastern	Arc	 mountain	 ranges	 (Couvreur	 et	al.,	 2008;	 Kadu	














ulation	structure	was	 found	at	 three	 loci	 for	 the	 former	comparison	






In	 relation	 to	 this,	 it	 has	 been	 suggested	 that	 cyclic	 isolation	 of	
the	 east	 coast	 and	 Eastern	Arc	 mountain	 forests	 from	 the	 Guineo-	
Congolian	block	may	be	one	factor	explaining	the	high	levels	of	ende-
micity	in	East	Africa	(Couvreur	et	al.,	2008;	Voelker,	Outlaw,	&	Bowie,	
2010);	 while	 periodic	 connections	 allowed	 taxa	 to	 move	 between	
forests,	 subsequent	 contraction	 of	 forest	 habitat	 leads	 to	vicariance	
events.	 Studies	 have	 generally	 provided	 evidence	 for	 ancient	 con-
nections	 between	 the	 east	 and	 Guineo-	Congolian	 rainforests	 with	











ical	 distributions	 are	 currently	 divided	 across	 the	 African	 continent	
(Bennett	et	al.,	2015).	The	signal	of	admixture	which	we	have	detected	
within	Ae. bromeliae	from	Tanzania	and	Uganda	and	Ae. lilii	from	Benin	













Wang,	 Li,	 Bryant,	 &	 Barrett,	 2001;	 Powers,	 Brault,	 Tesh,	 &	Weaver,	
2000),	which	could	be	promoted	by	restricted	gene	flow	between	both	
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